The Thor-Odin dome of the Monashee complex, southeastern Canadian Cordillera, British Columbia, contains basement gneiss of North American tectonic affi nity, including a distinctive cordierite-gedrite rock that is restricted in occurrence to the basement rocks and a regionally occurring garnet amphibolite. All of these rocks were penetratively deformed and metamorphosed at upper-amphibolite to lower-granulite facies conditions in the Cordilleran orogeny during the Late Cretaceous to Paleocene. The cordierite-orthoamphibole (dominantly gedrite) unit appears to defi ne a discontinuous marker horizon or horizons within the Paleoproterozoic basement paragneiss. The cordierite-gedrite rocks have a unique bulk-rock composition that is characterized by depletions in the alkali elements and Ca, and enrichments in Al, Mg and Fe. They have fl at rare-earth element (REE) patterns, depletions in most low fi eld-strength elements (LFSE), and enrichments in high fi eld-strength elements (HFSE). The measured 
Introduction
Cordierite-orthoamphibole rocks occur as lenses and boudinaged layers in Paleoproterozoic basement paragneiss of the Thor-Odin dome, in the Monashee complex of southeastern British Columbia. The origin of the cordierite-orthoamphibole (gedrite-anthophyllite) rocks is enigmatic, as their composition is not easily explained as being either of sedimentary or igneous origin. These rocks are marked by enrichments in Mg, Al, and Fe, and depletions in the alkali elements, and Ca. They are of interest because the Precambrian history of the Thor-Odin area is poorly constrained owing to a strong overprint of pervasive high-grade metamorphism, deformation, and anatexis associated with reworking of the crust in the Cretaceous-Tertiary during construction of the Cordilleran orogeny, and subsequent exhumation of the Monashee complex.
Genetic models for the evolution of cordierite-orthoamphibole rocks are diverse, but generally fall into two groups, based on whether or not the protoliths were affected by chemical alteration (metasomatism) before or during metamorphism. The first model involves synmetamorphic metasomatism, in which Fe and Mg may be introduced by diffusion or infi ltration of hydrothermal fl uid into a range of rock types (i.e., Eskola 1914 , Irving & Ashley 1976 . A second model invokes partial melting, likely of a pelitic sediment or a metavolcanic protolith, whereby cordierite-orthoamphibole rocks represent the residuum after extraction of granitic melt (i.e., Grant 1968 , Hoffer & Grant 1980 . In a third model, the cordierite-orthoamphibole rocks form via metamorphism of a weathered horizon, i.e. these rocks are a paleoregolith or paleosol (i.e., Gable & Sims 1969 , Young 1973 . In a fourth model, the cordierite-orthoamphibole rocks represent volcanic rocks that were hydrothermally altered prior to metamorphism (i.e., Vallance 1967 , Robinson & Jaffe 1969a , b, James et al. 1978 , Schumacher 1988 , Smith et al. 1992 , Peck & Smith 2005 . This is the most commonly invoked model and usually involves seawater as the hydrothermal fl uid (Spear 1993) .
In this paper, the origin and geological signifi cance of the cordierite-gedrite rocks in the Thor-Odin dome are addressed. This unit may defi ne a dismembered pseudostratigraphy within the basement paragneiss, and outcrop on the limbs of folds, as suggested by Duncan (1984) . Major and trace-element geochemical studies, in combination with Rb-Sr and Sm-Nd isotopic studies, were carried out to address the question of petrogenesis of cordierite-gedrite rocks, as well as nearby garnet amphibolite. Further understanding of their modes of formation has implications for the tectonic evolution of the Thor-Odin dome.
Geological Setting
The Monashee complex in southeastern British Columbia contains exposures of Paleoproterozoic basement rocks that are part of the deepest exposed structural levels in the southern Canadian Cordillera (Fig. 1) . The Thor-Odin dome of the southern Monashee complex is a structural culmination of Paleoproterozoic basement rocks infolded with younger Paleoproterozoic to Paleozoic (?) supracrustal or cover rocks (Reesor & Moore 1971 , Parkinson 1992 Fig. 2) . Both the basement and the cover sequence experienced polydeformation (Williams & Jiang 2005) , high-grade metamorphism (Norlander et al. 2002) and Early Tertiary anatexis (Vanderhaeghe et al. 1999 . Pervasive Cretaceous (?) to Eocene Cordilleran deformation transposed and overprinted Precambrian relationships and structures (Williams & Jiang 2005) .
The panel of rocks that structurally overlies and in map view surrounds the Thor-Odin dome on the southern and western sides is termed the Middle Crustal Zone after Carr (1991) [cf. the Selkirk Allochthon of Brown et al. (1986) and the Middle Unit of Vanderhaeghe et al. (1999) and Norlander et al. (2002) ]. The nature and signifi cance of deformation within the highgrade rocks, and the relationship between the Middle Crustal zone and the Thor-Odin dome, are currently debated, and a number of authors have proposed contrary tectonic models (Brown 2004 , Teyssier et al. 2005 , Williams & Jiang 2005 , Glombick 2005 , Carr & Simony 2006 , Brown & Gibson 2006 . At the latitude of the Thor-Odin dome, high-grade rocks of both the dome and the Middle Crustal Zone are bounded on the eastern and western margins by generally north-striking, outward-dipping Eocene normal faults ( Fig. 1 ; Parrish et al. 1988 , Teyssier et al. 2005 , and references therein). The eastern margin is bounded by the largely 58-48 Ma Columbia River fault (CR), and the western margin, by the 56-45 Ma Okanagan Valley -Eagle River fault system (OV-ER; Parrish et al. 1988, Johnson 2006, and references therein) .
Within the Monashee complex, Early Tertiary ductile involvement of the basement has been identifi ed in both the northern Frenchman Cap dome and the southern Thor-Odin dome (Crowley 1999 , Vanderhaeghe et al. 1999 , Crowley et al. 2001 , Hinchey 2005 , although the style of basement involvement is apparently different in the two domes. In the Frenchman Cap dome, rocks in the upper structural levels of the basement-cored dome experienced high-grade metamorphism from ca. 80 to 50 Ma (Parrish 1995 , Crowley & Parrish 1999 , Gibson et al. 1999 ; however, a boundary delimiting the base of Eocene Cordilleran deformation has been located at deep structural levels, below which Precambrian relationships greater than 1.8 Ga in age are preserved (Crowley 1999 , Crowley et al. 2001 . In contrast, studies of the Thor-Odin dome confi rm that all structural levels experienced penetrative high-grade metamorphism and anatexis during the Paleocene to Eocene (Vanderhaeghe et al. 1999 , Norlander et al. 2002 , Hinchey 2005 ). In the ThorOdin dome, products of Precambrian metamorphism and deformation have been pervasively overprinted by Cordilleran deformation and metamorphism. This is in contrast to the Frenchman Cap dome, where Precambrian metamorphism and deformation are preserved at deep structural levels, including 2.06 Ma monazite ages, 1.85 Ga titanite ages, and a gneissosity that apparently predates 1.85 Ga (Parrish 1995 , Crowley 1999 . A focus of this paper is the elucidation of part of the Precambrian history by understanding the formation of the cordierite-gedrite basement rocks in the Thor-Odin dome. The rocks studied are exposed in the Bearpaw Lake area (Figs. 2, 3) , in the southwestern portion of the dome.
The Bearpaw Lake Area
Geology
The Bearpaw Lake area (Fig. 3) is characterized by Paleoproterozoic basement rocks dominated by a) hornblende-biotite granodiorite migmatitic orthogneiss, and b) compositionally heterogeneous garnet-sillimanite quartzofeldspathic migmatitic paragneiss. The garnet-sillimanite quartzofeldspathic paragneiss is interlayered at the scale of tens of meters with muscovite-biotite quartzofeldspathic diatexite paragneiss and hornblende-biotite quartzofeldspathic paragneiss. The package of rocks also contains boudinaged layers of cordierite-gedrite rocks, dykes of garnet amphibolite, and infolded quartzite and calc-silicate. The gneiss package trends southeast and dips ~70° to the southwest. The lenses of cordierite-gedrite rock and garnet amphibolite were likely boudinaged during deformation associated with F 2 folding, which was ongoing at ca. 56 Ma on the basis of zircon from folded veins of leucosome ( Fig. 3 ; .
Protolith ages are constrained by U-Pb geochronology studies of zircon from basement orthogneiss, which yield upper intercept dates of 1960 ± 45, 1934 ± 6 and 1874 ± 21 Ma, and are interpreted as crystallization ages (Wanless & Reesor 1975 , Parkinson 1992 . Deposition of part of the basement paragneiss occurred between ca. 2.2 Ga and 1.9 Ga, on the basis of a study of detrital zircon in a basement paragneiss that was apparently intruded by ca. 1.9 Ga plutons (Parkinson 1992) . Other layers within the basement paragneiss may be younger than ca. 1.8 Ga, on the basis of the 1.8 Ga date of the youngest concordant detrital grains from basement paragneiss (Vanderhaeghe et al. 1999 , Kuiper 2003 , Hinchey 2005 ).
Lenses of cordierite-gedrite rocks are 15 to 50 meters thick and up to 500 meters long (Fig. 3) . They parallel the pervasive S 2 transposition foliation and strike at 135-142° to the southeast. Known occurrences of these rocks, in the southwestern portion of the dome, are shown in Figure 2 . The cordierite-gedrite rocks are documented within the basement paragneiss only, where they occur on the limbs of F 2 isoclines. At least locally, they seem to defi ne a discontinuous marker-horizon(s).
Garnet amphibolite occurs as discontinuous boudinaged lenses that range from 10 to 20 meters thick and up to 400 meters long (Fig. 3) . The amphibolite lenses parallel the pervasive S 2 transposition foliation and strike at 133-150° to the southeast. In the study area, the lenses of garnet amphibolite are observed only within the basement paragneiss, are not observed crosscutting the cordierite-gedrite rocks, and are documented throughout the Thor-Odin dome (Reesor & Moore 1971 , Parkinson 1992 . However, elsewhere in the dome, concordant boudinaged amphibolites have been mapped within both the basement para-and orthogneiss and cover sequence (Parkinson 1992) . Attempts have been made to correlate the amphibolite with regional mafic suites. Specifically, comparisons were made between Nd isotopic signatures of amphibolite from the Thor-Odin dome and: a) the mafi c Moyie sills (1.5 Ga) of the Middle Proterozoic Belt-Purcell Supergroup , Burwash & Wagner 1989 , and b) the mafi c volcanic rocks associated with the Horsethief Creek Group (~760 Ma; Devlin et al. 1988 , Sevigny & Thériault 2003 of the Late Proterozoic Windermere Supergroup. However, owing to a wide range in isotopic values of the amphibolite samples and a limited dataset, correlation was not possible (Parkinson 1992) .
For the purpose of evaluating their petrogenesis, the cordierite-gedrite samples are plotted on geochemical and isotopic diagrams with the garnet amphibolite samples. This is done for purposes of comparison; the amphibolite rocks occur regionally, they have been the subject of previous geochemical studies (Parkinson 1992 , Sevigny 1988 , and their composition more closely approximates that of a typical metamorphosed mafi c rock than that of the cordierite-gedrite rock. For the purpose of evaluating the isotopic signatures, values are calculated at an age of ~760 Ma, which is the Nd T DM model age of the Horsethief Creek mafi c volcanic suite . This is interpreted as the likely lower age-constraint for the garnet amphibolite based on T DM model age, the timing of continental rifting of western North America, and correlations with regional amphibolites (Parkinson 1992 , Ross 1991 , Sevigny & Thériault 2003 . There are no direct U-Pb geochronological constraints on age on either cordierite-gedrite or amphibolite rocks in the Thor-Odin dome. An amphibolite boudin in the Middle Crustal Zone near Three Valley gap gives a U-Pb (zircon) upper intercept age of 1571 ± 76 Ma, Williams, 2004) . Note the location of the cordierite-gedrite rocks (unit lPcg) in the southwestern portion of the dome near Mt. Skade (after Duncan 1982, this study). A box delineates the Bearpaw Lake area (Fig. 3) . The Monashee décollement is drawn based on mapping and interpretation of McNicoll & Brown (1995) at Cariboo Alp. interpreted as the age of igneous crystallization, and a lower intercept age of 73.4 ± 1.7, Ma interpreted as the timing of metamorphism (Parkinson 1992) . This amphibolite locality is ~5 km structurally higher than the Bearpaw Lake area; however, given the amount of Paleogene transposition, strain, and deformation (i.e., km-scale isoclinal folds) in the intervening rocks , the relationship between the two localities of amphibolite is ambiguous. Thermobarometry studies in the Bearpaw Lake area indicate that basement rocks underwent decompression from the kyanite zone (P > 8-10 kbar) to the sillimanite-cordierite zone (P < 5 kbar) at temperatures of ca. 750°C, up to a maximum of 800°C, based on the mineral assemblages and reaction textures (Norlander et al. 2002) . On the basis of complex symplectitic textures preserved in basement cordierite-gedrite rocks and in garnet amphibolite boudins, Norlander et al. (2002) concluded that the peak episode of regional metamorphism occurred in the Tertiary, as these textures would not have survived a subsequent metamorphic event. This is consistent with U-Pb (zircon) geochronology studies indicating that metamorphism and penetrative deformation of the basement rocks of the Thor-Odin dome were ongoing during the Paleogene at ca. 56 to 50 Ma (Vanderhaeghe et al. 1999 , Hinchey 2005 , Teyssier et al. 2005 ; this study). Peak metamorphism culminated in the onset of melting and the production of leucosome (Vanderhaeghe et al. 1999 , Norlander et al. 2002 , Hinchey 2005 .
Lithology and petrology
The cordierite-gedrite rocks are very coarse grained and display complex symplectitic intergrowths. Gedrite crystals are up to 25 cm long, and garnet is up to 15 cm in diameter. In hand sample, the typical assemblage of minerals includes: biotite, sillimanite, kyanite, quartz, spinel, garnet and cordierite (Fig. 4a) . Norlander et al. (2002) distinguished between gedrite rocks that contain garnet and those that are sapphirine-bearing; however, this distinction is not possible at the outcrop scale. All exposures of the cordierite-gedrite boudins contain garnet, at least locally, and thus the absence of garnet in thin section may refl ect local small-scale breakdown reactions or compositional heterogeneity within the protolith. The contact between the cordierite-gedrite rocks and paragneiss generally contain mats of randomly oriented, coarse-grained sillimanite mantled by cordierite and corundum.
Gedrite, the most abundant mineral in the cordierite-gedrite rocks, occurs as prismatic crystals that defi ne the S 2 foliation. Garnet occurs as porphyroblasts that contain abundant inclusions of cordierite, spinel, gedrite, and apatite (Fig. 4b) . Cracks in the garnet grains are fi lled with grains of cordierite, gedrite, ilmenite, plagioclase and spinel. Kyanite has been partially to entirely replaced by a corundum + cordierite + ilmenite symplectite in the cores of the grains, and spinel + cordierite ± sapphirine in the rim area (Norlander et al. 2002) . Cordierite occurs dominantly as an interstitial mineral between blades of gedrite. Sillimanite occurs as prismatic crystals or as a fi brous overgrowth on kyanite. Accessory biotite, quartz, apatite, spinel, ilmenite, and monazite are common. Further petrological descriptions related to determination of pressure-temperature conditions are described in Norlander et al. (2002) . On the basis of mineralogy, the cordierite-gedrite rocks in the Thor-Odin dome were considered to be the product of hydrothermal alteration of mafi c volcanic rocks, or a restite of partial melting (Duncan 1982 (Duncan , 1984 .
The garnet amphibolite rocks are medium grained and hornblende-bearing, typically with garnet -hornblende -quartz -plagioclase ± clinopyroxene (Fig. 4c) . Hornblende occurs both as interstitial grains in the matrix and as euhedral, tabular grains that defi ne the S 2 foliation. Garnet porphyroblasts are 1-3 mm in diameter and contain few inclusions of plagioclase, biotite, ilmenite and rutile (Norlander et al. 2002) . Grains of garnet are commonly rimmed by quartz + plagioclase symplectite (Fig. 4d) . Accessory phases are ilmenite, biotite, apatite and monazite. Plagioclase and quartz are granoblastic, anhedral grains that dominate the matrix. Plagioclase commonly displays albite twinning, and quartz contains subgrains. Further petrological descriptions related to thermobarometry determinations for the garnet amphibolite rocks are described in Norlander et al. (2002) .
Analytical Data and Interpretation

Major and trace elements
Compositions, expressed in terms of major-element oxides, recalculated to an anhydrous total of 100%, as well as concentrations of selected trace elements, were determined for all major map-units in the Bearpaw Lake area. Six samples of the cordierite-gedrite rock and four samples of garnet amphibolite were analyzed. The cordierite-gedrite samples are plotted with the garnet amphibolite for comparison (Fig. 5) , as the amphibolite more closely approximates a typical metamorphosed mafic rock. Sample descriptions and locations are listed in Table 1 . Representative compositions are presented in Table 2 , and analytical methods are given in Appendix A. Four samples of quartzofeldspathic basement paragneiss and two samples of granodioritic basement orthogneiss from adjacent gneisses and from the core of the dome are plotted for comparison (data from .
The cordierite-gedrite samples show a large range in SiO 2 contents, from 28.1 to 53.1 wt.% (Table 2) , with one of the samples (AH-03-25) having a notably low concentration of SiO 2 , 28.1 wt.%, attributed to the large percentage of hercynite, making up approximately 25 wt.% of its bulk-rock composition. In all samples, Al 2 O 3 ranges from 12.8 to 23.1 wt.%. Concentrations of CaO and Na 2 O are low, with values ranging from 6.0 to 0.2 wt.% and 0.2 to 0.9 wt.%, respectively. The samples have 12.4 to 18.1 wt.% MgO, 1.6 to 3.9 wt.% Fe 2 O 3 , 0.1 to 0.3 wt.% MnO, and 0.3 to 3.7 wt.% TiO 2 (Table 2 ). Compared to the cordierite-gedrite samples, the garnet amphibolite samples have a narrower range in SiO 2 , from 45.9 to 51.0 wt.%, and have lower Al 2 O 3 contents, ranging from 9.0 to 14.5 wt.% (Table 2 ). In addition, the garnet amphibolite samples do not have a marked depletion in CaO or Na 2 O, with values ranging from 7.5 to 10.1 wt.% and 1.1 to 2.8 wt.%, respectively. The MgO content of the garnet amphibolite samples is notably less than in the gedrite samples, ranging from 6.0 to 11.2 wt.%, and enrichments are observed in Fe 2 O 3 , MnO, and TiO 2 .
On an AFM diagram (Fig. 5) , the gedrite-bearing samples are more aluminous and defi ne a tighter cluster of values compared to the garnet amphibolite samples. On the ACF diagram (Fig. 6a) , the cordierite-gedrite rocks dominantly plot along the A-F tieline, refl ecting this low CaO content and limited amount of plagioclase. The garnet amphibolite samples plot more centrally in the diagram, refl ecting the presence of a greater amount of plagioclase. Extreme depletion of K in the cordierite-gedrite rocks is refl ected in the AKF diagram (Fig. 6b) , with samples plotting along the A-F line, whereas most of the garnet amphibolite samples plot near or below the F apex, refl ecting the plagioclase-orthoamphibole join.
Trace-element signatures of the cordierite-gedrite rocks display depletions in many low-fi eld-strength elements (LFSE; fi eld-strength elements as defi ned by couleur pas nécessaire Saunders et al. 1980) including Ba and Sr (Table 2) . Samples are enriched in many high-field-strength elements (HFSE) such as Zr, Hf, Nb and Ta. In addition, the samples show enrichments in the transition elements Cr, Ni, V, and Zn. In general, the garnet amphibolite samples show the same trace-element trends and variation in concentrations as the cordierite-gedrite rocks ( Table 2) . The chondrite-normalized rare-earth-element (REE) patterns of the cordierite-gedrite samples are relatively fl at, with La (N) /Yb (N) values between 1 and 16 (Fig. 7a) . The samples all have a slightly negative Eu anomaly. The garnet amphibolite samples have similar fl at chondrite-normalized REE patterns, with La (N) /Yb (N) values between 0.5 and 7 (Fig. 7b) . On a primitive-mantle-normalized spider diagram, the cordierite-gedrite samples exhibit marked depletions in K, Ba and Sr, and enrichments in Cs, Th, U and the heavy rare-earth elements (HREE; Fig. 7c ). The samples of garnet amphibolite also show the same general pattern of enrichments and depletions in these elements, with the exception that they lack the Th enrichment and the extreme degree of Sr depletion of the gedrite-bearing samples (Fig. 7c) . 
Whole-rock radiogenic isotope geochemistry
Rubidium-strontium and samarium-neodymium data for whole-rock samples from the Bearpaw Lake area are presented in Table 3 . Analytical methods are given in Appendix A. Three samples of cordieritegedrite rock and three samples of garnet amphibolite were analyzed. Two samples each of the basement paragneiss and the basement orthogneiss are plotted (Fig. 8) . The Sr data demonstrate the highly radiogenic nature of the Paleoproterozoic basement gneisses of the Thor-Odin area.
The primitive mantle has a present-day 87 Sr/ 86 Sr value of 0.7045 and the bulk silicate Earth has a 87 Rb/ 86 Sr value of 0.089. The Sr data for both the garnet amphibolite and the cordierite-gedrite rocks have a wide range of radiogenic values (Fig. 8) . Data for basement gneisses and amphibolites from Parkinson (1991 Parkinson ( , 1992 ) are plotted for comparison (Fig. 8) . The Rb-Sr isotope system appears to have been disturbed, likely during Cordilleran metamorphism, and therefore the data cannot be used to determine the protolith composition of the garnet amphibolite or cordierite-gedrite rocks.
The garnet amphibolite and cordierite-gedrite samples have distinct Nd isotopic compositions (Table 3 . Data for the basement gneiss and garnet amphibolite samples from Parkinson (1991 Parkinson ( , 1992 are plotted for comparison (Fig. 9) . The Nd value is calculated at 760 Ma as a means of comparison, as this is likely the lower age constraint on the garnet amphibolite (see above). The samples are likely older, on the basis of lithological constraints (i.e., the restricted occurrence of the cordierite-gedrite rocks in basement paragneiss) and Nd model ages. The rocks appear to have retained their original Sm and Nd isotopic signature, since the garnet amphibolite and cordierite-gedrite samples each plot as distinct homogeneous groups (Fig. 9) . There is no evidence of differential mobility of Sm and Nd in the REE chemistry (Fig. 7) . The differences in Nd signatures between the garnet amphibolite and cordierite-gedrite samples are, thus, likely inherited and not a result of metasomatism during Cordilleran metamorphism.
The data for the garnet amphibolite from both this investigation and Parkinson's study (1992) defi ne a group with Nd (760 Ma) values ranging from -0.3 to -4.6, suggesting only a limited interaction with crustal material. The cordierite-gedrite samples fall outside this group and appear to mirror the isotopic systematics of the basement gneiss (Fig. 9) . The variation in Nd systematics between the cordierite-gedrite and amphibolite samples may be due to: a) Precambrian metamorphic alteration, b) a difference in age, c) alteration by fl uids, or d) a primary feature of crustal contamination. The implications of each will be discussed below.
Discussion: Interpretation of Protolith Composition
The cordierite-gedrite rocks
The major-element composition of the cordieritegedrite rocks may refl ect either: a) an original protolith composition, or b) a protolith having undergone element mobilization, before or during metamorphism. It is not possible to distinguish between these two processes using the major-element composition, and therefore, these data only provide limited constraints on the protolith composition. Certain trace-elements, particularly the HFSE and transition elements, are generally considered relatively immobile during most secondary processes, and thus are more resistant to secondary alteration (Jenner 1996) . These elements are therefore more likely to refl ect primary protolith composition. The low abundance of LFSE such as K, Sr, and Ba suggests that these mobile elements have been affected by secondary alteration. This interpretation is supported by the Sr isotopic signatures, which also are disturbed.
The cordierite-gedrite rocks show general systematic variations between most immobile trace-element concentrations and silica weight percent, indicating that these elements were not adversely affected by alteration (Figs. 10a, b) . On the Th-Hf-Co diagram of Taylor & McLennan (1985) , most of the cordierite-gedrite samples plot close to the Co apex (Fig. 11) . The Th/Hf value in most rock types (igneous, sedimentary or metamorphic) varies little, and therefore most crustal materials plot along a linear array. Mafic material generally plots close to the Co apex, and more felsic material plots toward the opposite side of the diagram. The cordierite-gedrite rocks have an average Th/Hf value of 2.4, which is interpreted to refl ect a primary mafi c composition. In addition, the fl at REE patterns and slightly negative Eu anomaly are consistent with basaltic to andesitic signatures (Taylor & McLennan 1985 , Rollinson 1993 . On the tectonic discrimination diagram Zr/TiO 2 versus Nb/Y, the cordierite-gedrite samples mostly fall in the andesite to basalt fi eld, with one sample falling in the rhyolite fi eld (Fig. 12) . The major-and trace-element composition of the cordierite-gedrite rocks indicate that they are likely altered mafi c volcanic rocks. Normalization is from Sun & McDonough (1989) . Data concerning the average bulk continental crust are taken from Taylor & McLennan (1995) . Parkinson (1991 Parkinson ( , 1992 are plotted for comparison. CHUR: chondritic uniform reservoir.
The variable Nd isotopic signature of the cordieritegedrite rocks may be interpreted several ways. Either a) the isotope system was affected by metasomatism resulting in the preferential mobility of the parent or daughter element, or b) the signature is primary, and the product of either signifi cant crustal contamination or a heterogeneous source. On the basis of trace-element enrichments, the cordierite-gedrite rocks are interpreted to be mafi c or intermediate volcanic rocks. There does not appear to be any signifi cant fractionation of Sm and Nd. The Nd isotopic values could therefore be primary, and the range in values could represent minor crustal contamination, although minor alteration cannot be precluded.
The garnet amphibolite
The garnet amphibolite samples have a basaltic composition (Table 2 ). In terms of the major and trace elements, the rocks are similar to modern basaltic rocks (Rollinson 1993) . The amphibolite samples dominantly plot in the basalt fi eld on the Nb/Y versus Zr/TiO 2 diagram (Fig. 12) . These data suggest that the amphibolite rocks are the metamorphic equivalent of basalts, and that high-grade Late Cretaceous to Eocene metamorphism had little effect on their chemical composition. This conclusion is supported by the high average Cr/Th value, 380, and the high average La/Th value, 7.4. These values are different from those of typical sedimentary rocks, which have Cr/Th = 7.5 and La/Th = 2.6 (Taylor & McLennan 1985) , but are typical for mafi c magmatic rocks (Rollinson 1993) . The interpretation of a mafi c protolith is further supported by the high MgO and TiO 2 values, and general major-element trends ( Table 2) .
The amphibolite samples have a fl at REE pattern; the lack of a HREE depletion suggests that the primitive melt either formed a) at a shallow depth in the mantle, outside the stability fi eld of garnet, or b) by high degrees of partial melting (Fig. 7b) . Although the LFSE are fractionated with respect to HFSE (Fig. 7c) , some of the LFSE may have been remobilized during metamorphism, and therefore caution must be exercised in interpreting igneous evolution using these elements. The trace-element signatures suggest that the garnet amphibolite samples had either a source infl uenced by an enriched mantle, or protolith melts that were contaminated by a minor amount of crust. The garnet amphibolite samples have a more primitive Nd isotopic signature than the cordierite-gedrite rocks. The signatures can be interpreted in several ways: a) the signatures are primary, and refl ect the model age of extrusion or emplacement, presumably only slightly affected by crustal contamination, or b) the system was affected by secondary alteration, which did not disturb these rocks as extensively as it may have disturbed the cordierite-gedrite rocks. The lack of a notable disturbance in the trace-element signatures indicates that alteration was likely not a significant process. Therefore, the Nd isotopic values are interpreted to be primary in origin. The T DM model ages range from 1.3 to 2.2 Ga, supporting a Precambrian age of the rocks. The range in values may refl ect: a) minor contamination by crust during emplacement, or b) inclusion of more than one suite of volcanic rocks or mafi c dykes in the garnet amphibolite suite. 11 . Plot of Hf-Th-Co data from the garnet amphibolite, cordierite-gedrite rocks, and selected samples of basement gneiss. Average upper and lower continental crust and the fi eld for average crustal material are from Taylor & McLennan (1985) .
the canadian mineralogist
Discussion: Genetic Models for the Cordierite-Gedrite Rocks
The cordierite-gedrite rocks in the Thor-Odin dome are most likely hydrothermally altered mafi c volcanic rocks that were altered during or shortly after their formation in the Proterozoic. Hydrothermal alteration, by seawater, of volcanic rocks ranging from basalts to rhyolites will generally result in the loss of Ca and gain of Mg (Smith et al. 1992 , Peck & Smith 2005 . The effects of the alteration depend on several factors including, but not limited to, temperature of fl uids, initial composition of the protolith, and water-to-rock ratio (Smith et al. 1992) . The end result, however, is the equivalent of a "chlorite schist", and its subsequent prograde metamorphism could result in the spectrum of cordierite-orthoamphibole assemblages (Smith et al. 1992) . This is consistent with most occurrences of these rocks, which are interpreted to have achieved their chemical composition before metamorphism (Spear & Schumacher 1982) . The low concentration of Ca and relatively high concentration of Mg in the cordierite-gedrite rocks suggest that this process, followed by high-grade metamorphism, was signifi cant in their petrogenesis. Hydrothermal fluids, likely seawater, would have had local access along faults, and thus fracture density would control the extent of hydrothermal alteration of a volcanic pile, providing a mechanism whereby altered volcanic rocks could easily be interlayered with unaltered rocks, a relationship commonly observed in the fi eld (Spear & Schumacher 1982) . If the garnet amphibolite samples were part of the same volcanic package as the cordierite-gedrite rocks, then this mechanism could explain partial preservation of the protolith of some original mafi c rocks, which were metamorphosed to become garnet amphibolite, while others were altered, and the cordierite-gedrite rocks resulted. However, the difference in degree of alteration could also be explained if the garnet amphibolite rocks represent a younger suite of dykes, as suggested by the less evolved Nd signatures, Nd model ages, and occurrence throughout the domes, and if they formed after the cordierite-gedrite rocks were altered. Regardless, the cordierite-gedrite rocks of the Thor-Odin dome are interpreted as being hydrothermally altered prior to being metamorphosed at conditions of the upper amphibolite facies in the Late Cretaceous to Eocene during Cordilleran orogenesis.
Metasomatic processes during the Late Cretaceous to Eocene Cordilleran metamorphism are unlikely to have formed the cordierite-gedrite rocks of the Thor-Odin dome. The cordierite-gedrite rocks are part of a regionally metamorphosed, deformed and transposed basement complex, which does not contain a single, obvious source for metasomatic fluids. In addition, if metasomatism had occurred at that time, it would have affected other rocks, including the garnet amphibolite boudins, which would initially have had a similar protolith composition. If this were the case, then the occurrence of highly "altered" cordierite-gedrite rocks adjacent to garnet amphibolite would need to be explained. The role and extent of Precambrian metamorphism are uncertain in these rocks, and therefore the potential involvement of metasomatic fl uids during the Precambrian cannot be fully evaluated. It is reasonable to entertain a model whereby the rocks were altered in a seafl oor setting shortly after, or during, their original formation. The synmetamorphic model, in which the formation of these rocks is a byproduct or residuum of partial melting of a pelitic sediment or metavolcanic rock, is unlikely in this situation. The basement rocks of the Thor-Odin dome experienced partial melting between 56 and 51 Ma, and the onset of anatexis was concomitant with Late Cretaceous to Eocene peak metamorphism and continued during isothermal decompression (Vanderhaeghe et al. 1999 , 2003 , Teyssier et al. 2005 , Hinchey 2005 . If the cordierite-gedrite rocks are a residuum of partial melting, then the residuum would have formed during the Late Cretaceous to Eocene orogenic event and not prior to it. The coarse-grained textures, petrography, geochemistry and geochronology of the cordierite-gedrite rocks indicate that the metamorphic minerals grew and were modifi ed at ca. 56 to 50 Ma, during Cordilleran metamorphism and decompression, and are not signifi cantly older, as the preserved textures would not have survived a subsequent metamorphic event (Norlander et al. 2002 , Hinchey 2005 , 2007 . Therefore, the chemical composition of these rocks must have been established prior to the Late Cretaceous to Eocene metamorphism and anatexis.
The paleoregolith model is unlikely for several reasons. Firstly, the weathering profi les in paleosols formed by the alteration of mafic volcanic rocks commonly have enrichments in residual Zr (Moore & Waters 1990 , Gallet et al. 1996 , with values typically in excess of ~690 ppm of Zr and levels as high as 10000 ppm (Degenhardt 1957) . The cordierite-gedrite samples of this study do not fall in this range; rather, they contain 58-264 ppm of Zr, which is comparable to average continental crust values of 100 ppm (Taylor & McLennan 1985) . Secondly, residual soils commonly show large enrichments in Ti (up to 30% TiO 2 ) and can show LREE enrichments, notably in Ce, if derived in humid climates (Moore & Waters 1990) . The cordierite-gedrite rocks are not excessively enriched in Ti, and do not have a LREE enrichment or Ce anomaly. In addition, most paleosols have a nearly constant La/Th value of ~2.8, refl ecting a homogenization of the crust (Gallet et al. 1996) similar to the post-Archean shale value (Taylor & McLennan 1985) . The cordieritegedrite samples have La/Th values ranging from 0.7 to 18.4, indicating that a paleosol or paleoregolith source is unlikely. On the basis of their chemical signatures, it seems unlikely that these rocks formed from the metamorphism of a paleosol or paleoregolith.
Regional Correlation
Within the Thor-Odin dome and surrounding area, the cordierite-gedrite rocks are restricted to the southwestern portion of the Thor-Odin dome; however, amphibolite rocks are known to occur throughout the region. Correlations between amphibolite rocks of the Thor-Odin dome and the surrounding area can be considered. Occurrences of amphibolite are documented to the north of the Monashee complex and south of the Malton complex, where they are hosted by Proterozoic Windermere to Lower Paleozoic platformal strata (Simony et al. 1980 , Monger et al. 1982 , Sevigny 1988 ). These amphibolite rocks are interpreted as Late Proterozoic mantle-derived basalts on the basis of geochemistry (Sevigny 1988 ). In comparing the major-and trace-element composition of the amphibolite samples from Sevigny's (1988) study with those of this study, the signatures show considerable similarities. This includes enrichments in CaO and MgO, similar trace-element concentrations, and relatively fl at REE concentrations. On the Zr/Nb versus Ce (N) /Sm (N) diagram, all samples from both studies fall in a similar range (Fig. 13) . The amphibolite samples from this study and those of Sevigny (1988) may thus represent one mafi c suite; however, additional radiogenic isotope and U-Pb studies would be required to test whether these amphibolite rocks belong to one or more suites.
Other Proterozoic mafic volcanic suites in the southern Omineca belt include volcanic rocks of the Windermere Supergroup and mafi c intrusions of the Belt-Purcell Supergroup (Frost & O'Nions 1984 , Frost & Winston 1987 , Burwash & Wagner 1989 , Sevigny & Thériault 2003 . The Nd isotopic signatures of mafic suites hosted by these two supergroups are compared with the garnet amphibolite and cordierite-gedrite rocks from the Thor-Odin dome, to evaluate whether or not correlations may be permissible (Fig. 14) . Samples of Eocene lamprophyre dykes, exposed south of the Valhalla complex and from the Three Valley suite from the northern Thor-Odin dome, also have been plotted for comparison (Figs. 12, 14) , as these rocks have distinct chemical and Nd isotopic signatures (Sevigny & Thériault 2003 .
The Nd isotopic signatures of the garnet amphibolite and cordierite-gedrite samples plot distinctly into two broad groups (Fig. 14) . When compared with the Nd isotopic signatures of the volcanic mafi c rocks of the Horsethief Creek Group and the Moyie sills (Fig. 14) , the samples from the Thor-Odin garnet amphibolite and cordierite-gedrite rocks broadly overlap and do not fall entirely into either domain. The samples partially overlap with both fi elds of the volcanic suites of Horsethief Creek Group and the Moyie sills (Fig. 14) , but show different trends; therefore the Nd isotopic data cannot form the basis for a positive correlation with either mafi c suite.
The garnet amphibolite boudin dated by Parkinson (1992) from the Middle Crustal Zone rocks, near Three Valley Gap, which gave a poorly constrained upper intercept age of 1571 ± 76 Ma, is the only sample of this lithology for which a U-Pb age date is available. The Nd isotopic data for this sample indicate an Nd (760Ma) of -6.1 and a T (DM) age of 2.6 Ga. Parkinson interpreted this sample as likely being correlative with the 1.45 Ga Moyie sills (Höy 1989) . The isotopic signature overlaps with some garnet amphibolite samples exposed in the basement gneiss of the Thor-Odin dome and in part overlaps with the Moyie sills (Fig. 14) . Some of the garnet amphibolite samples may, at least in part, represent this ca. 1.5 Ga suite, although the scatter in the data precludes a conclusive correlation. On the basis of the present dataset, neither the cordierite-gedrite rocks nor the garnet amphibolite can be distinguished from other Proterozoic mafi c suites known to have intruded the southern Omineca belt. However, the garnet amphibolite samples clearly do not correlate with the Eocene lamprophyre dykes, as the lamprophyres have a less evolved Nd isotopic signatures, are weakly altered, are ca. 50 Ma, and intruded into the Omineca belt following the onset of extension (Sevigny & Thériault 2003 ).
Summary of Conclusions
1) In the southwestern portion of the Thor-Odin dome, cordierite-gedrite rocks occur as discontinuous layers that are locally boudinaged, concordant with the pervasive S 2 transposition foliation, preserved on the limbs of F 2 isoclines, and appear to be a discontinuous marker-horizon or horizons within the basement paragneiss. In the Bearpaw Lake area, the cordierite-gedrite rocks are interlayered with garnet amphibolite boudins that also occur as discontinuous lenses parallel to the pervasive S 2 transposition foliation within the Paleoproterozoic basement paragneisses, are not observed cross-cutting the cordierite-gedrite rocks, yet are known to occur throughout the Thor-Odin dome area.
2) On the basis of field evidence, major-and trace-element signatures and Nd isotopic systematics, the cordierite-gedrite rocks are interpreted as lenses of Paleoproterozoic mafic volcanic rocks that are part of the basement gneiss of the Thor-Odin dome. The distinctive bulk-rock composition of the cordierite-gedrite rocks is interpreted to have resulted from hydrothermal alteration, likely by seawater.
3) On the basis of fi eld evidence, major-element signatures, trace-element signatures and Nd isotopic signatures, the garnet amphibolite rocks are likely Proterozoic in age and are interpreted as metamorphosed mafi c rocks that likely postdated the formation of the protolith of the cordierite-gedrite rocks.
4) Owing to signifi cant overlap in the concentration of major elements, trace elements and the large range in Nd isotopic values of the cordierite-gedrite and amphibolite rocks relative to other mafi c suites in the region, neither suite can be distinguished from 
